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DiatoxanthinFucoxanthin-chlorophyll complexes (FCP) from the centric diatom Cyclotella meneghinianawere isolated and
the trimeric FCPa complex was reconstituted into liposomes at different lipid to Chl a ratios. The ﬂuorescence
yield of the complexes in different environments was calculated from room temperature ﬂuorescence emis-
sion spectra and compared to the aggregated state of FCPa. FCPa surrounded by high amounts of lipids resem-
bled detergent solubilised complexes and with decreasing lipid levels, i.e. in a situation where protein
contacts were increasingly favoured, the ﬂuorescence yield of FCPa gradually decreased. In addition, the
yield displayed a strong pH-dependency in case of lower lipid contents. The further reduction in ﬂuorescence
yield brought about by the conversion of diadinoxanthin to diatoxanthin was pH independent and only
depended on the amount of diatoxanthin synthesised. The implications of these data for non-
photochemical quenching in centric diatoms are discussed.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Diatoms are an ecologically important group of eukaryotic unicel-
lular organisms, especially in the marine phytoplankton [1]. The light
reactions of photosynthesis closely resemble those of higher plants,
despite signiﬁcant differences in their light harvesting systems. Al-
though the antenna proteins belong to the same family of membrane
intrinsic proteins like light harvesting complex (LHC)II [2], they differ
in pigmentation and complex formation. The main carotenoid is fuco-
xanthin (Fx), which absorbs in the green range of the spectrum, and is
present in much higher amounts than carotenoids in LHCII, i.e. in a
1:1 stoichiometry with chlorophyll (Chl) a [3,4]. Thus, the antenna
proteins are often referred to as fucoxanthin-chlorophyll proteins
(Fcp). In Cyclotella meneghiniana, a centric diatom, two different
major FCP complexes can be isolated, the trimeric FCPa and the prob-
ably nonameric FCPb, consisting of different polypeptides, but spec-
troscopically rather similar [5–11].
Besides Chl a, Chl c and Fx, FCP complexes bind pigments of the
xanthophyll cycle, where diadinoxanthin (Dd) is converted to diatox-
anthin (Dt) under high light conditions [12]. This conversion corre-
lates with the built-up of non-photochemical quenching (NPQ),; DDM, dodecyl maltoside; Dt,
; Fcp, fucoxanthin-chlorophyll
plex A; Fx, fucoxanthin; HL,
GDG, Mono galactosyl diacyl-
l glucoside
: +49 69 798 29600.
üchel).
l rights reserved.which is far more pronounced than the quenching seen in higher
plants [13]. In C. meneghiniana, it was recently shown that FCPa
changes its ﬂuorescence yield dependent on the diatoxanthin con-
tent, whereas this ability was lacking in FCPb [14]. On the other
hand, aggregation of light harvesting complexes reduces their ﬂuo-
rescence yield, and this phenomenon is often used for experiments
carried out to elucidate the mechanism of NPQ [15–17]. For the in
vivo situation aggregation is also discussed in the context of NPQ
[18], and changes observed by transient ﬂuorescence spectroscopy
upon induction of NPQ in C. meneghiniana were interpreted as partly
due to aggregation [19]. Two different quenching mechanisms were
postulated. One diatoxanthin dependent quencher is supposed to be
localised in a FCP complex close to the reaction centre. The second
quenching mechanism due to aggregation was attributed to FCP com-
plexes that are more peripheral. However, in both isolated FCPa and
FCPb the ﬂuorescence yield depends on the degree of aggregation
[14]. Still, those experiments were carried out using proteins aggre-
gated by detergent removal, which might have led to some artefacts.
Here we report on experiments on FCPa in proteo-liposomes, where
we tried to mimic the native environment for studies of its quenching
abilities under different conditions known to inﬂuence NPQ in vivo,
like low pH values and Dt enrichment.
2. Material and methods
2.1. Culturing of diatoms and preparation of FCP complexes
The diatom C. meneghiniana (Culture Collection Göttingen, strain
1020-1a, former Cyclotella cryptica) was grown under low light
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m−2 s−1, HL) regimes with 16 h light and 8 h dark in culture medium
according to Provasoli et al. [20] supplemented with 2 mM silica. Cells
were harvested in the early light phase by centrifugation after 7 days
of culturing. Thylakoid membranes were isolated by several centrifu-
gation steps after breaking the cells in a bead mill according to Büchel
[5], except that they were ﬁnally resuspended in a buffer containing
EDTA to reduce chlorophyllase activity (10 mM Mes, 2 mM KCl,
5 mM EDTA pH 6.5, according to Beer et al. [6]). Solubilisation of thy-
lakoids was done for 20 min on ice at 0.25 mg mL−1 total Chl a with
20 mM ß-dodecyl maltoside (DDM) (1:71 mol/mol). The complexes
were then puriﬁed by ion exchange chromatography followed by su-
crose density centrifugation using a stepwise gradient in buffer 1
(25 mM Tris, 2 mM KCl, 0.03% DDM (w/v), pH 7.4) according to Gun-
dermann and Büchel [14]. After preparation, FCP complexes were
washed using buffer 1 without DDM and concentrated using ﬁltration
devices with 30 kD cutoff (Centripreps). For complete aggregation,
puriﬁed FCPa or FCPb complexes were diluted 1000 fold with deter-
gent free buffer 1 [14].
2.2. Preparation of proteo-liposomes
In order to gain insight into complexes in a more native environ-
ment, FCPa was reconstituted into lipids. Mono galactosyl diacylgly-
cerol (MGDG), digalactosyl diacylglycerol, sulfoquinovosyl diacylglycerol,
phosphatidyl glycerol and phosphatidyl choline (Larodan Fine Che-
micals) were used in stoichiometries found in the diatom cells [21].
Lipid to Chl a ratios between 0 and 18.7 mol lipids/mol Chl a were
chosen for the reconstitution procedure. Lipids were dried under ni-
trogen and incubated in 10% (w/v) octyl glucoside (OG) overnight.
Then 20 mM tricine (pH 7.5) was added to yield 1.17% (w/v) octyl
glucoside and the solution was incubated at 30 °C for 10 min after
a short sonication step. To this lipid-detergent mix FCPa and buffer
was added to yield ﬁnal concentrations of 0.04 mg mL−1 Chl a,
20 mM tricine, 5 mM MgCl2, 1 mM ascorbate, 0.01% (w/v) Na-azide
and 0.29% (w/v) OG at pH 7.5. The sample was then dialysed at
4 °C against 500 times the volume of dialysis buffer (20 mM tricine,
5 mM MgCl2, 1 mM ascorbate, 0.01% (w/v) Na-azide, pH 7.5). After
4 h the buffer was replaced by fresh buffer supplemented with
14 mg/100 mL BioBeads (Biorad) and samples were dialysed for
another 16 h. After further incubation at 4 °C for a week, proteo-
liposomes were separated from free protein by ultracentrifugation
(70 min at 140,000 g, 4 °C). Proteo-liposomes were found in the
pellet, whereas free protein remained in the supernatant. This
was checked using ﬁcoll gradient centrifugation (gradients of ﬁcoll
in dialysis buffer, 2.5% steps from 2.5% to 35% (w/v), centrifugation
for 18 h at 140,000 g and 4 °C). Under the detergent free conditions
of the ﬁcoll gradients, free protein pelleted, whereas proteo-liposomes
were found between 15 and 25% ﬁcoll. The proteo-liposomes were
resuspended in dialysis buffer without azide and ascorbate and fur-
ther checked by electron microscopy. Small vesicles were found to
dominate accompanied by some tubular vesicles and very rarely
multilamellar structures (data not shown). For measurements of
the pH dependence samples were diluted (1:100) in buffers of dif-
ferent pH, which all contained 5 mM MgCl2. For pH 4.5, 20 mM K-
acetate was used and pH 5.5 and pH 6.5 were adjusted using 20 mM
Mes.
In case of Dd supplementation, the puriﬁed pigment (see below)
was added to the lipid–detergent mix at a ﬁnal ratio of 0.76 mol Dd/
mol Chl a. A de-epoxidase containing fraction was isolated from the
diatom cells according to Goss et al. [22] and used on pre-made
proteo-liposomes containing additional Dd. For de-epoxidation,
proteo-liposomes prepared as above were pelleted (70 min at
140,000 g, 4 °C) and resolved in reaction buffer at pH 5.2 [22] contain-
ing 38 μg mL−1 of the fraction enriched in the de-epoxidase. The re-
action was started by adding 30 mM Na-ascorbate in reaction bufferor reaction buffer alone for the controls, and de-epoxidation was
allowed to take place for 1 h at 24 °C. Fluorescence of the samples
and the controls was measured directly afterwards, and samples for
HPLC analyses were taken.
2.3. Fluorescence spectroscopy
To examine changes in ﬂuorescence yield and spectroscopic fea-
tures, ﬂuorescence emission spectra at room temperature and 77 K
were recorded. To this end, absorbance of the proteo-liposomes was
recorded in the QY maximum of Chl a absorption and complexes
were then adjusted to an absorbance of around 0.03 (corresponding
to roughly 0.3·10−3 mg mL−1 Chl a). In case of the 77 K spectra,
buffers containing 60% (v/v) glycerol were used. Fluorescence emis-
sion spectra were recorded from 600 nm to 800 nm in 0.5 nm steps
in a Jasco ﬂuorometer (FP-6500) upon excitation at 440 nm. Excita-
tion spectra from 400 nm to 600 nm were recorded at 675 nm as
well. Only samples where the excitation spectra showed the usual
spectral features as reported earlier for FCPa [6] were taken for fur-
ther analyses. Band passes of 3 nm were used both on the emission
and the excitation side. A rhodamine B spectrum served as a reference
for the correction of the excitation side and the photomultiplier was
corrected using a calibrated lamp spectrum. The ﬂuorescence yield
of the complexes was calculated from the ﬂuorescence emission max-
imum [14]. Difference spectra were calculated after normalisation of
the original spectra to their short wavelength (~675 nm) peak maxi-
ma in order to examine the spectral ﬁngerprint of the changes
brought upon by changing conditions.
2.4. Pigment preparation and analysis
For Dd preparation, HL cells of C. meneghiniana were harvested
and broken as described above. The crude membrane fraction was ad-
justed to 49% (v/v) acetone and then brought to 18.75% (v/v) dioxan
under permanent stirring. Chls were precipitated overnight at
−20 °C and removed by a 10 min spin at 13,134 g. The pigments of
the supernatant were partitioned into petroleum ether (50–70 °C)
and dried under vacuum. To remove remaining Chls, pigments were
dissolved in 75% (v/v) acetone supplemented with 1 mM Hepes at
pH 7.5 including a small amount of Na-dithionite, and separated on
a mini-C18-column using the same solvent. The carotenoid extract
obtained was then separated by preparative HPLC (Merck Elite
LaChrom, L-2130) on a RP18 column (Merck LiChrosphor Hibar
250–25), isocratically with 75% (v/v) acetone supplemented with
1 mM Hepes at pH 7.5 and a small amount of Na-dithionite. Elution
was monitored at 440 nm (Biotronik BT3030 UVDetector). Pure ca-
rotenoids were partitioned into petroleum ether (50–70 °C), supple-
mented with Sephadex G25 until free of water and then vacuum
dried for storage. The quality and quantity of the pigments obtained
were checked spectroscopically and by HPLC.
Pigment stoichiometries were determined by analytical HPLC
(Merck Elite LaChrom, L-2130/L-2450). Pigments were extracted di-
rectly with 90% (v/v) acetone (ﬁnal concentration). Samples were
centrifuged brieﬂy at maximal speed in an Eppendorf centrifuge,
and the supernatants were loaded onto the column. Pigments were
separated and quantiﬁed using a RP18 column and a photo diode
array detector as described in Papagiannakis et al. [4].
3. Results and discussion
3.1. Effect of aggregation of FCPs on ﬂuorescence yield
NPQ in diatoms was reported to depend partly on aggregation of
the FCP complexes based on spectral analyses of whole cells [19]. In
order to examine the overall spectral changes induced by aggregation
of isolated FCPs, we ﬁrst compared solubilised complexes with those
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plexes displayed a very strong reduction in ﬂuorescence yield when
compared to the same complexes in solution, at room temperature
(Fig. 1A, C) and also at 77 K (Fig. 1B, D). At room temperature this re-
duction in yield was accompanied by only slight changes in the spec-
tral features as demonstrated by the difference spectra (Fig. 1E), with
a tiny red shift of the maximum and the emission broadening to the
long wavelength side. At 77 K, spectral changes were more pro-
nounced, with a clear red shift of the ﬂuorescence maximum upon ag-
gregation and a stronger enhancement of the long wavelength
chlorophylls, which emitted at around 725 nm (Fig. 1F). At both tem-
peratures these differences were more obvious in the case of FCPb,
but spectral features were quite comparable. It has to be emphasised
that the spectral changes in both FCP complexes are tiny compared to
what is reported for higher plant LHC complexes, where the increaseFig. 1. Room temperature (A, C) and 77 K (B, D) ﬂuorescence emission spectra of FCPa (A an
line) or aggregated (solid line) forms. Aggregation was induced by reducing the amount o
complexes of FCPa (solid line) and FCPb (dotted line) are depicted in (E) for RT and in (F)of emission of low energy chlorophylls is much more enhanced upon
aggregation [23].
Miloslavina et al. [19] compared quenched and unquenched dia-
tom cells and reported a decay associated spectrum of similar shape
for the NPQ state, with a maximum shortly above 680 nm and an en-
hanced long wavelength emission above 720 nm. This spectrum was
attributed to the aggregation of one FCP complex. Here, both FCPs
react with extremely similar spectral features when aggregated,
which do not allow for a speciﬁc attribution.
However, aggregation induced by detergent removal might have
caused some artefacts. In order to ensure a more native environment,
we analysed FCPa complexes reconstituted into lipids. With increas-
ing lipid content reduction in ﬂuorescence yield decreased, since the
distance between complexes became larger (Fig. 2). Similar effects
were described by Moya et al. [23] for higher plant LHCIId B) and FCPb (C and D) complexes excited at 440 nm, either in the solubilised (dotted
f detergent by a factor of 1000. The difference spectra of aggregated minus solubilised
for 77 K spectra.
Fig. 2. Dependence of the relative ﬂuorescence yield of FCPa on the lipid content at
room temperature. Data points represent means and standard deviations of three inde-
pendent proteo-liposome preparations each. Fluorescence was normalised to the yield
of the sample containing FCPa from LL cells in 18.7 mol lipid/mol Chl a, measured at pH
6.5. Data from proteo-liposomes at pH 6.5 are depicted with light grey (LL-FCPa) and
white squares (HL-FCPa), and measurements at pH 4.5 are shown with dark grey
(HL-FCPa) and black squares (LL-FCPa), respectively.
Fig. 3. Room temperature difference spectrum (A) between LL-FCPa containing
12.5 mol lipid/Chl a (L3) and aggregated LL-FCPa (solid line). For comparison the spec-
trum of aggregated minus solubilised FCPa (Fig. 1E) is displayed again, whereby the
amplitude was reduced by a factor of 0.1. In (B) the difference spectra of the same sam-
ples are displayed but spectra were measured at 77 K.
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protein–pigment or pigment–pigment interactions between com-
plexes at higher lipid contents. This feature was identical for FCPa
complexes from HL or LL cells. The spectral changes in emission spec-
tra brought about by comparing high lipid to Chl ratios to aggregated
complexes were almost identical to those reported for solubilised
FCPa, at RT as well as at 77 K (Fig. 3A/B).
The amounts of lipids used here were chosen around the values
reported for whole cells in order to simulate the in vivo situation.
According to Lepetit et al. [24], thylakoids of C. meneghiniana contain
about 0.8 mg MGDG per mg Chl a, which translates to roughly
2.3 mol total lipid per mol Chl a taking into account the averageFig. 4. Dependence of the relative ﬂuorescence yield on the pH of FCPa complexes at
different lipid concentrations at room temperature. Proteo-liposomes containing
FCPa of LL cells (squares) and HL cells (circles) at 18.7 mol lipid/Chl a (white symbols),
12.5 mol lipid/Chl a (light grey symbols), 6.2 mol lipid/mol Chl a (dark grey symbols)
or complexes without lipid (black symbols) were measured at different pH values. In
(B) the data from LL-FCPa are normalised to the maximal values at pH 6.5. Data points
represent means and standard deviations of three independent proteo-liposome prep-
arations each.
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of the total thylakoid lipid pool. Since quite different pigment–
protein complexes are present in the thylakoid membrane, i.e. pho-
tosystems and FCPs, the amount and kind of lipids around each
complex are certainly different [24]. The average value of MGDG per
Chl a in thylakoids is nonetheless in the range where changes in the
ﬂuorescence yield of FCPa due to changing protein interactions are
most prominent.
3.2. Effects of pH on the ﬂuorescence yield of isolated FCPa
NPQ is triggered by a low lumenal pH in vivo and in higher plants
psbS was demonstrated to be able to act as a pH sensor. Thus, we ex-
amined the effect of different pH values on FCPa complexes in the
various lipid environments. Indeed the pH had a strong inﬂuence on
the ﬂuorescence yield of LL-FCPa and HL-FCPa complexes (Fig. 4A, B,
see also Fig. 2). The lowest ﬂuorescence yield could be observed at
pH 4.5, whereas maximal yield was reached around pH 6.5, indepen-
dent of the lipid to Chl ratio (Fig. 4A). FCPa is composed mainly of two
protein subunits, Fcp2, belonging to the Lhcf family of main light-
harvesting proteins in diatoms, and of Fcp6, a protein belonging to
the Lhcx family closely related to LhcSR (former LI818) proteins in
green algae and mosses [25–27]. Lhcx is more abundant in HL-FCPa,
in correlation with a higher Dt content [6]. LhcSR proteins, like psbS,
were shown to have DCCD binding glutamate residues [28,29],
which could sense pH shifts due to their location in the lumenal
loop. Lhcx proteins in diatoms do not contain glutamate residues in
the loops themselves, only one presumed Chl binding site at the C-
terminus [11] and one at the lumenal end of helix 1 (Fig. 5). In most
Lhcfs a glutamate is present in the lumenal loop. An exception is
Fcp5, which is the main polypeptide of FCPb and might occur in
minor amounts in FCPa as well. In accordance with the lack of appro-
priate Glu residues, the ﬂuorescence yield of FCPb did not change
upon lowering the pH [14]. Since FCPa is built of Fcp2 and Fcp6, the
pH sensitivity of the FCPa complex can principally be due to the ac-
tion of either of those. The curves for the dependence of ﬂuorescence
yield on pH at different lipid to Chl a ratios were highly similar in LL-
FCPa and HL-FCPa (Fig. 4A). If FCPa is able to sense the pH, the higher
amount of Fcp6 in the latter is probably not decisive, arguing for a
concerted action of Fcp6 and Fcp2.
Interestingly, the pH dependence was strongly inﬂuenced by the
lipid content. Aggregated complexes were most strongly inﬂuenced
and increasing lipid content leads to decreasing alterations due to
changing pH (Fig. 4B). This is in accordance with the data of FCPa
in solution, where no pH dependence could be observed earlier
[14], but in sharp contrast to LHCII, where no such changes were
reported [30]. A reduction in ﬂuorescence yield can only be brought
about by electrostatic changes in the chromophore environment or
by changes in pigment arrangement, e.g. by a reduction in chromo-
phore distance. The changes in the solution surrounding the com-
plexes can most easily act directly on aggregated complexes, which
are not shielded by detergent or lipid. The extreme enhancement
of the 77 K ﬂuorescence of the low energy chlorophylls of aggregat-
ed samples (Fig. 6 B, dashed line) argues for this. However, the de-
crease in ﬂuorescence yield upon lowering the pH was not only
visible in aggregated complexes, but also at higher pH values and
at all lipid contents, even the highest. In addition, spectral changes
between samples of higher lipid content resembled those seen for
mere changes in lipid content (Fig. 6A/B), which were attributed to
protein interactions before. Especially in case of high lipid contents
the solution cannot directly inﬂuence the whole protein, but can
still introduce small conformational changes. These changes are not
necessarily intra-molecular but could also result from an induced
enhancement of protein interaction, as suggested by the spectral
similarity of difference spectra upon pH change with those recorded
upon changing the lipid content only.3.3. Inﬂuence of xanthophyll cycle pigments on the ﬂuorescence yield
of FCPa
In vivo, NPQ was shown to depend on Dt and in vitro Dt was
shown to act in the reduction of the ﬂuorescence yield of FCPa com-
plexes [14]. The conversion of Dd to Dt is stimulated by the low pH
values of the thylakoid lumen under high light intensities. The effect
of pH and Dt might also be synergistic, as outlined in the allosteric
model by Horton and Ruban (for review see Ruban et al. [31]) for
higher plants. In Fig. 4A (see also Fig. 2) HL-FCPa and LL-FCPa are
compared, which differ in their Dt content. In the LL-FCPa used
here 0.009+0.001 mol Dt/mol Chl a is present, whereas HL-FCPa
had more than double the amount bound (0.021+0.003 mol Dt/
mol Chl a). This higher Dt content explains the lower ﬂuorescence
yield of the HL complexes. However, except for the very low pH of
4.5, where in some cases Dt seems to have less inﬂuence, the differ-
ence between the curves of HL and LL FCPa did not depend on the
pH, ruling out a direct inﬂuence of pH on the Dt induced reduction
in ﬂuorescence yield.
Since the original Dt content in the LL and HL samples was low,
experiments with additional Dt were carried out as well. To this
end Dd was supplied during reconstitution. Afterwards de-epoxidase
enriched protein extracts were added and samples were measured
after incubation with either ascorbate [32] as the co-substrate for the
de-epoxidation reaction (Dt enriched) or without (Dd enriched). HPLC
was used to determine the changes in pigment composition upon the
de-epoxidase action. Fig. 7A shows the dependence of ﬂuorescence
yield of FCPa on lipid content when only supplemented with Dd.
Surprisingly the slope of the curves was altered compared to sam-
ples without additional Dd, and this feature was similar in HL and
LL FCPa (Fig. S1). At lower lipid contents, samples with added Dd
had a slightly enhanced ﬂuorescence yield compared to the controls.
This minor effect might be due to an obstruction of total aggregation
by Dd, which can probably act as a ‘lipid-like’, diluting substance it-
self [22,33]. Unexpectedly, Dd decreased the ﬂuorescence yield
compared to the controls at higher lipid content. This phenomenon
was far more pronounced at lower pH and in complexes from HL
cells, and again associated with the same shift to longer wavelength
as reported before (Fig. 7B). Lepetit et al. [24] discussed the exis-
tence of lipid clusters enriched in MGDG around the FCPs, which
also contain Dd. According to their model this Dd is also convertible
to Dt and then acts as a ROS scavenger. In contrast, Alexandre et al.
(submitted) concluded that all Dd molecules have to be protein bound
because of their resonance Raman signatures. It has to be emphasised
that the additional Dd was offered in amounts in which xanthophyll
cycle pigments are usually found in HL cells [24]. Despite this identical
offering, HL FCPa bound more Dd (0.693±0.070) than LL FCP (0.567±
0.029) during reconstitution into lipids. This might be related to the
higher content of fcp6 in HL FCPa, since the amount of fcp6 and Dd and
Dt was shown to correlate before [6]. At least the higher lipid to Chl
a ratios have certainly allowed the formation of a MGDG shell around
FCPa that harboured the additional Dd in close contact with the FCPs.
These rafts might have helped FCPa complexes to interact with each
other, especially at low pH when the tendency to do so is high, and
under high Dd content. Besides its function as a pool for the synthesis
of Dt [33], this might be another reason for the presence of Dd in rather
high amounts in diatom thylakoids, especially in HL cells.
Fig. 8 demonstrates the reduction in ﬂuorescence yield brought
about by the newly synthesised Dt at different lipid contents. This
newly made Dt thus clearly inﬂuenced the ﬂuorescence yield of the
FCPa complexes inside the liposomes. The de-epoxidase itself is
lipid dependent [34], explaining the higher Dt synthesis at higher
lipid content and the different success of de-epoxidation at lower
lipid levels. However, since the samples of one lipid content do not
cluster, the distance of complexes inside lipids does not directly inﬂu-
ence this Dt induced reduction of ﬂuorescence yield.
AB
Fig. 5. Sequence alignment of proteins of the Lhcx family. In (A), all sequences available from Thalassiosira pseudonana (Tp), Cyclotella meneghiniana (=cryptica, Cc) and Phaeodac-
tylum tricornutum (Pt) are shown. In (B) the sequences of the main constituents of the FCPa complexes of C. meneghiniana, Fcp2 and Fcp6, as well as the constituent of the FCPb
complexes, Fcp5, are aligned. For the C. meneghiniana polypeptides, the signal peptides are written in grey, predicted α-helices (according to Eppard and Rhiel [25]) are underlined,
and lumenal loops or termini are marked in grey. Glutamate residues on the lumenal side are highlighted in magenta.
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In summary, the effects of protein interaction on the room tem-
perature ﬂuorescence yield of FCPa were rather prominent in the dif-
ferent experiments shown here, but the effects on spectral shape
were small. The reduction in yield was strengthened by lowering
the pH below 6.5. In addition, Dd only enhanced the quenching at
low pH and at high lipid contents. On the other hand Dt did not
need a lowered pH [14], but reduced the ﬂuorescence yield of FCPa
independently.
Grouneva et al. [35] reported a fast, transient and strongly pH de-
pendent NPQ for C. meneghiniana cells after dark adaptation, which is
enhanced during the slower conversion of Dd to Dt. Thus, in the
unquenched state, i.e. after prolonged dark adaptation, mainly Dd is
found. On molecular level this Dd will be bound inside FCPa but also
in its periphery and these FCPs would not be close enough to bequenched, but organised for an efﬁcient transfer of excitation energy
to the reaction centres (Fig. 9, left). The fast, transient and strongly pH
dependent NPQ seen by Grouneva et al. [35] might then be explained
by an induction of this interaction of FCPa complexes by the increas-
ing acidiﬁcation of the lumen (Fig. 9, middle). The little amounts of Dt
already present enhance this quenching like also shown by Grouneva
et al. [35]. Lowering the lumenal pH even further has two conse-
quences: the Dd present will then aid the interaction of FCPa as
well, and in addition the de-epoxidase is activated, leading to an in-
crease in the amount of Dt. This Dt is then acting in an additional
quenching of the ﬂuorescence inside the aggregated FCPa (Fig. 9,
right).
The ﬂuorescence yield of FCPb in solution did not depend on Dt,
nor did FCPb show a pH dependency of ﬂuorescence yield in the
aggregated state [14]. In addition, Fcp5, which is most probably
its sole constituent, does not contain any glutamate residues on the
Fig. 6. Room temperature difference spectrum of LL-FCPa with a lipid to Chl a ratio of
12.5. mol/mol (L3) measured at pH 4.5 minus the spectrum of the same sample incu-
bated at pH 6.5. In (B) the difference spectrum of the same samples is displayed but
spectra were measured at 77 K (solid line). In addition the difference spectrum of sam-
ples without lipid (agg.) incubated at pH 4.5 and pH 7.5 (dashed line) and the differ-
ence spectrum of aggregated minus solubilised FCPa from Fig. 1F (dotted line)
measured at 77 K are depicted. The inset shows the original traces for samples without
lipid incubated at pH 4.5 (solid line) and pH 7.5 (dashed line).
Fig. 7. Comparison of the relative ﬂuorescence yield of HL-FCPa containing proteo-
liposomes with or without the addition of 0.76 mol Dd/mol Chl a (A). For comparison,
ﬂuorescence was normalised to the yield of the sample containing FCPa from LL cells in
18.7 mol lipid/mol Chl a measured at pH 6.5 (see Fig. 2). Data points represent means
and standard deviations of three independent proteo-liposome preparations each.
Proteo-liposomes with and without additional Dd were measured at pH 6.5 (− Dd:
dark grey squares, + Dd: white squares) or at pH 4.5 (− Dd: black squares, + Dd:
light grey squares), respectively. In (B) the difference ﬂuorescence emission spectrum
of the samples at pH 4.5 and 12.5 mol lipid/Chl a is displayed.
Fig. 8. Dependence of the reduction of ﬂuorescence yield of FCPa in lipid environment
on the amount of Dd converted to Dt. Proteo-liposomes containing additionally
0.76 mol Dd/mol Chl a were incubated with de-epoxidase at pH 5.2 either in the pres-
ence or absence of its co-substrate ascorbate. The ratio of ﬂuorescence yield without
(−DEP) and after (+DEP) de-epoxidation is plotted against the amount of Dt synthe-
sised per total pool of xanthophyll cycle pigments present, as determined by HPLC.
Samples of different lipid to Chl a ratios were used for this experiment, 12.5 (triangles),
6.2 (circles) or 3.1 (squares) mol lipid/mol Chl a, respectively.
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or diatoxanthin dependent part of NPQ, despite its ability to ag-
gregate in vitro. However, since FCPa shows quenching not only
when aggregated artiﬁcially, but also in lipid environment, and
in dependence on pH and Dt, the two different changes seen by
Miloslavina et al. [18] in whole cells in the NPQ state might both
be attributed to FCPa. Grouneva et al. [35] reported a Fo-quench,
i.e. a quenching due to the antenna, of about 80% in C. meneghiniana
cells. Comparing FCPa at pH 6.5 and a high lipid to Chl a ratio with-
out any added xanthophyll cycle pigment, i.e. fully unquenched FCPa
complexes, with those maximally quenched (pH 4.5 without lipid),
FCPa can be reduced in ﬂuorescence yield maximally by about 85%,
even without any conversion of Dd to Dt. Of course this value will
be lower in vivo, since no complete aggregation is to be expected.
Further quenching in cells is then due to the action of Dt on FCPa.
Future work will have to clarify which parameters inﬂuence the
aggregation state of FCPb and whether it plays a role in vivo.
Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbabio.2012.03.008.
Fig. 9. Simpliﬁed picture of the dependence of the ﬂuorescence yield of FCPa complexes on protein distance, pH and diatoxanthin content. In vivomainly Dd is found in the dark and
FCPa is not aggregated, leading to a high ﬂuorescence yield (symbolised by the length of the arrow) as shown on the left hand side. Note that the Fcp6 content in the FCPa pool
differs depending on acclimation of the cells (HL or LL) [6] and that some Dt might still be bound depending on the time of dark adaptation. During illumination a pH gradient
is built-up in vivo, and will lead to a fast NPQ [35], which is mirrored on molecular level by aggregation and a decreased ﬂuorescence yield of FCPa at lower pH (middle). The slower
part of NPQ in vivo is correlated with increasing amounts of Dt [35], which also in vitro leads to a reduction in ﬂuorescence yield of FCPa (right hand side).
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